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In a carefully selected set of strained In„Ga& As/CxaAs quantum-well structures, we have studied ex-

perimentally and theoretically the competition between carrier collection from the GaAs barrier into the
quantum wells and the inverse process, the thermal activated emission out of the wells into the barrier.
Analyzing the temperature dependence of time-integrated photoluminescence measurements, we found
excitons or electron-hole pairs to be emitted out of the well. A different sample geometry is used to
demonstrate the importance of the barrier properties in the equilibrium of capture and thermal emission.
Time-resolved experiments allow the determination of the typical time constants, namely the radiative
and the nonradiative recombination lifetime as well as the emission time. A hydrodynamic model, in-

cluding the diffusion in the barrier and the carrier capture and emission via LO phonons, was developed
for a quantitative description of our experiments. With use of the experimental time constants, an excel-
lent agreement between the time-integrated experiments and theory was found, giving evidence of the
applicability of our model.

I. INTRODUCTION

Due to the increasing application potential of semicon-
ductor quantum-well structures for the development of
heterostructure lasers as well as high-speed electrical de-
vices, the efficiency of the carrier collection into the ac-
tive region, i.e., the quantum well, is of considerable in-
terest. ' Various experimental work using time-
integrated and time-resolved ' photoluminescence
(PL) spectroscopy, as well as a couple of theoreti-
cal ' ' works, has been done for a quantitative under-
standing of the capture process. The capture process can
be described by the energy loss of the specific carrier due
to the emission of optical phonons. ' ' ' ' While the
theoretical results' ' ' yield capture times between
several ps and ns, depending on sample geometry, the
time constants found experimentally " using time-
resolved photoluminescence spectroscopy are of the order
of several ps. However, the carrier collection into the
quantum well is not only determined by the quantum-
mechanical capture time, but also by the carrier trans-
port in the barrier. ' ' The transport time can be re-
duced drastically by using graded index confinement lay-
rs 5, 8, 12

For practical applications, a good laser performance at
room temperature is necessary. However, it has been
found that photoluminescence efficiency is reduced with
increasing temperature in most of the structures investi-
gated due to nonradiative carrier loss. An important
carrier-loss process, the thermal emission of the carriers
out of the quantum well into the barrier, was recently

found. This process is especially important in shal-
low quantum wells, occurring also in high-quality sam-
ples and reducing the carrier density in the quantum well
with increasing temperature. Thus, the carrier distribu-
tion between the active region (the quantum well) and the
confining layers (the barriers) is controlled by both the
collection efficiency by the quantum well and the inverse
process, the thermal emission of the carriers into the bar-
rier.

In a set of specially designed In Ga& As/
GaAs/A1„Ga& As quantum-well heterostructures, we
have systematically investigated the competition between
the carrier collection into the quantum well and the
thermal emission out of the wells using time-integrated
and time-resolved PL spectroscopy. The temperature
dependence of the PL intensity of the quantum-well emis-
sion reveals a lot of information about the mechanism of
the thermal emission process. Varying the barrier
geometry allows a detailed discussion of the equilibrium
between the capture and emission of photoexcited car-
riers. For the description of our experimental results
with a hydrodynamic model, an accurate determination
of the characteristic time constants was performed using
time-resolved PL spectroscopy. Including the experimen-
tal parameters in the theoretical model, a complete
description of the temperature dependence of the PL in-
tensity for different sample geometrys is achieved, em-
phasizing the importance of LO-phonon scattering for
the capture and for the thermal-activated emission pro-
cess. The interaction between neighboring quantum wells
as well as the inhuence of nonradiative processes at the
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comparison of the temperature dependence between the
PL spectra of two different samples. The samples were
excited nonresonantly in the barrier using a cw dye laser
and a cw Ti-sapphire laser, respectively. In the
Ina, 2Cxaa ssAs/GaAs sample of series A [Fig. 2(a)], we
observe an efficient carrier capture of the photoexcited
carriers at T=10 K, causing a PL spectrum dominated
by the emission of the quantum wells (L, =2, 5, 10, and
30 nm, respectively). Increasing the temperature yields a
successive reduction of the luminescence intensity. It is a
striking feature that first the PL intensity of the smallest
quantum well is quenched, while the PL intensity of the
wider wells can still be detected at higher temperatures,
depending on well width. At room temperature, the total
PL efficiency is very small. Negligible luminescence from
the GaAs barrier is observed in the whole temperature
range under investigation. On the other hand, the PL
spectra of a sample of series 8 [L,=3 nm, L~ = 1200 nm;
see Fig. 2(b)] reveal a different behavior. Increasing the
bath temperature changes the ratio between quantum
well and barrier luminescence and at T) 160 K, the
GaAs luminescence even dominates the spectrum. The
total intensity of this sample is only reduced by one order
of magnitude at room temperature compared to the low-
temperature intensity. From these results, we conclude
that the equilibrium between the carrier capture into the
quantum well and the thermal-activated carrier emission
out of the well changes with temperature, causing an in-
creasing barrier population at higher temperatures.

This comparison gives evidence of the importance of
both the quantum well and the barrier geometry for the
behavior of the temperature dependence of the radiative
efficiency of the quantum well and the barrier, respective-
ly. Thus, the inclusion of an additional Al Ga, As

wavelength (nrn)
880 860 840 820

I i & i I i i i I i I i I

cladding layer in the sample of series B prevents the car-
rier diffusion to the surface or into the substrate and
therefore suppresses nonradiative recombination at the
interfaces.

From an experimental point of view, it is not clear up
to now whether only the carrier capture efficiency is re-
duced with increasing temperature or an efficient emis-
sion of the carriers out of the quantum well into the bar-
rier can occur. Hence, we have performed photolumines-
cence excitation (PLE) spectroscopy experiments (Fig. 3).
In contrast to "normal" PLE, where the energy of the ex-
citing laser is higher than the detection energy, we have
detected the GaAs barrier luminescence and generated
carriers tuning the laser between resonant (below the bar-
rier) and nonresonant (above the barrier) excitation. For
a resonant excitation of the In02Gao SAs quantum well,
we found a distinct emission of the GaAs barrier, indicat-
ing an efficient transfer of optically generated carriers
from the low-energy quantum well to the barrier at
higher energy. To investigate the inhuence of the exci-
tation energy on the carrier distribution, we have mea-
sured the PL spectrum at T=170 K by changing the
wavelength of the exciting laser from resonant excitation
in the quantum well to nonresonant excitation in the bar-
rier. If the excitation power was adjusted carefully to ob-
tain a constant carrier density in the quantum well, no
significant change of the ratio between the quantum well
and the barrier luminescence was found. From this re-
sult, we conclude that the equilibrium between the carrier
density in the well and in the barrier in this high-
temperature regime is established very fast with respect
to the recombination lifetime (see Sec. III).

For a quantitative determination of the activation ener-

gy of the thermal emission process, the PL intensity is de-
picted versus temperature in an Arrhenius plot in Fig. 4
for a set of different quantum wells. In all the samples,
the PL intensity is nearly constant at low temperatures
up to a characteristic "drop" temperature TD. Then the
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detected, while the excitation energy was tuned between the en-

ergy level of the quantum well and the nonresonant excitation in
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thermal emission into the barrier of the carriers created in the
well.
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FICi. 4. PL intensity vs temperature in an Arrhenius plot for
different samples. Compare the dependence of the thermal
emission process on In content x (for L, =5 nm; top} and on
well width L, (for x =0.06; bottom}.
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intensity is quenched drastically for a further increase in
temperature. The onset of this intensity drop as well as
the characteristic activation energy E„describing the in-
tensity reduction depends on In content x (see Fig. 4, top)
and on well width L, (see Fig. 4, bottom). The shallower
the quantum well, the smaller the activation energy E~
and the characteristic temperature TD. Note, that the
quenching of the PL intensity starts at temperatures
T «E~ /k due to the change in the density of states be-
tween the quantum well and the barrier.

A determination of the activation energy from the
slope of the temperature dependence of the PL intensity
reveals a rather interesting result (see Fig. 5): Within ex-
perimental error (+10%), the activation energy E„cor-
responds to the difference between the quantum well and
the barrier emission (here defined as total confinement en-

ergy AE ), i.e., the sum of the electron and the hole poten-
tial depth (solid line in Fig. 5). Excitons or electron-hole
pairs are emitted into the barrier. This is in agreement
with an estimation of the arising electric field if only one
type of carrier (electrons or holes) would be emitted into
the barrier. The electric field would lower the barrier and
immediately cause an emission of the carriers with oppo-
site charge to establish an equilibrium. As pointed out
by Michler et al. , an activation energy E~ which is
equal to b,E/2 (dotted line) can be expected in the low in-
jection case, where the background doping level is higher
than the optically generated carrier density. The result
Ez =DE thus demonstrates the high quality of the sam-
ples investigated. Because of our experimental error and
because of the small difference in the exciton binding en-
ergy in the quantum well and in the barrier, we cannot
distinguish whether excitons or electron-hole pairs are
emitted into the barrier. However, for the low excitation
conditions used in our experiments, we observe mainly
excitonic emission. Thus, the hydrodynamic model intro-
duced in Sec. IV takes excitons as the dominating parti-
cles.

200

For larger confinement energies, especially in the wider
wells of the sample with an In content of x =0.2, we ob-
serve a deviation from the linear connection between E~
and AE. This can be due to additional nonradiative pro-
cesses occurring at higher temperatures and thus modify-
ing especially the activation energy in deeper quantum
wells. On the other hand, the emission process is respon-
sible for a thermal coupling of the different quantum
wells via transport in the barrier. As already discussed in
our previous paper (see the inset of Fig. 2 of Ref. 20), this
coupling, which is most effective in the sample with
x =0.2, modifies the activation energy Ez. The carriers
thermally emitted out of shallow quantum wells can be
captured in the neighboring wells with higher barriers,
increasing the PL intensity of the deeper wells.

Whereas the activation energy E~ is mainly controlled
by the depth of the potential well, we will discuss in the
following the inAuence of the barrier geometry on the
emission process. In Fig. 6, we have compared the evolu-
tion of the PL intensity of a 3-nm quantum well (x =0.2)
with temperature for two samples with different
geometry. While the sample of series B consists only of
this center well embedded between two GaAs barriers
(Ls =1200 nm), the other sample (series C) contains two
additional quantum wells with L, = 10 nm in a distance of
Ls =1200 nm to the center well (see Fig. 1), acting as
"traps" for the carriers thermally emitted out of the
quantum well with I,=3 nm. This incoherent coupling
between different quantum wells changes the characteris-
tic temperature Tz, while the activation energy E~
remains constant. A non-Arrhenius behavior occurs at
higher temperatures in the sample of series C (another in-
crease of the PL intensity with temperature is observed)
due to the coupling between the 3- and 10-nm quantum
wells in this sample. This will be discussed in more detail
in Sec. V.

A comparison of samples of series B consisting of the
same principal structure but with different barrier width
L~ is illustrated in Fig. 7. For nonresonant excitation in
the GaAs barrier, the ratio of the PL intensity of the bar-
rier and the Ino 2Gao 8As quantum well is depicted versus
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FIG. 7. Ratio of the barrier and the quantum-well emission
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according to I&/I&~ =C exp( —E„/kT) describes the experi-
mental data for T) 100 K. The parameter C depends on the
barrier width L& and is found to be 17, 47, and 100 for L& =60,
300, and 1200 nm, respectively.

1/T. At low temperatures, the PL spectrum of each sam-
ple is dominated by the light emission of the quantum
well. With increasing temperature, the PL intensity of
the barrier grows up while the intensity of the well is re-
duced. Hence, the ratio Iz!I&w increases according to
the activation energy Ez. This can be described by

I~ =C exp( Ez /k T ), —
Igw

where E~ is given by the potential height of the barrier
and is therefore independent of the barrier width Lz.
The factor C does not only include the geometrical ratio
of the well width L, and the barrier width L~, but also
the characteristic time constants, i.e., the recombination
lifetimes of the barrier and the well, the emission time,
and the overall collection time, including the transport to
the well. The deviation between Eq. (1) and the experi-
mental data demonstrate that at low temperatures the
thermal equilibrium cannot be established within the ex-
citonic lifetime because of the enhanced transport time in
the barrier in this temperature regime. From this point
of view, it is clear that a consistent theoretical description
of our experiments must not only consider the quantum-
well properties, but also the structure of the complete
sample, including barrier geometry and additional layers
as well as surface and interface properties.

III. EXPERIMENT B:
TIME-RESOLVED EXPERIMENTS

For a quantitative description of the time-integrated
PL measurements, an exact knowledge of the characteris-
tic time constants, especially the exciton lifetime, is re-
quired. For that reason, we have performed time-
resolved experiments. In the experimental setup, sample
excitation was carried out using a cw-mode-locked Ar+
laser followed by a synchronously pumped dye laser
(DCM or Styryl 9, respectively; pulse width 10 ps). The
PL signal was dispersed by a double monochromator and

FIG. 8. PL decay time vs temperature for different
confinement energies AE. All the time constants are taken from
samples of series A.

detected by a fast micro channel plate multiplier with S1
characteristic. The time resolution of the complete setup
was about 50 ps.

First, we will discuss the modification of the tempera-
ture evolution of the exciton decay time in the quantum
well due to the well and the barrier geometry, respective-
ly. In Fig. 8 the decay time of the PL signal is depicted
versus temperature for quantum wells with different
confinement energies AE. At low temperatures, we find
an increase of the decay time with temperature (up to
around 3.5 ns) in qualitative agreement with the tempera-
ture dependence of excitonic recombination. ' At a
characteristic temperature, depending on hE, a strong
reduction of the decay time is observed. This drop
occurs at higher temperatures if L, or x, which determine
the total confinement energy, increases. As the experi-
rnental determined PL lifetime is composed of a radiative
part, which should increase with temperature, and a non-
radiative part, we relate the drop of the PL lifetime to an
increasing inhuence of nonradiative carrier loss in the
quantum well. Both the reduction of the PL intensity
(Fig. 4) and the decrease of the PL decay time (Fig. 8) are
obviously caused by the same process, namely, the
thermal activation of the excitons into the barrier.
Hence, at higher temperatures, the measured decay time
is mainly determined by the thermal emission time.

To demonstrate the inhuence of the sample structure
on the decay time, we have plotted in Fig. 9 a comparison
between one sample of series B (L„=3 nm; Ls =1200
nm) and one sample of series C (L„=3 nm; L,2= 10 nm;
L~ =1200 nm). The decay time of the well with L„=3
nm is depicted versus temperature. At T + 40 K, the de-
cay time increases due to the increasing excitonic lifetime
in both samples. However, further increasing the tem-
perature reveals a drastic difference between these two
samples. While the decay time in the sample of series B
increases further up to 150 K and then saturates at a
value of around 30 ns, the decay time of the sample of
series C drops down to around 100 ps at T=120 K. This
clearly demonstrates that the additional traps, i.e., the
quantum wells with L, =10 nrn in the sample of series C,
catch the carriers emitted out of the thin quantum well,
reducing the effective decay time in the quantum well un-
der investigation. On the other hand, in the sample of
series B, the carriers can either recombine in the well or
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determine the radiative recombination lifetime in the
wells, which are needed in the theoretical description of
our experiments (see Secs. IV and V).

IV. THE HYDRODYNAMIC MODEL

n2D 2D ~2D
+i il Jl,'=g," e—

an3Dj=—D
az

where ji,' and j," denote the particle current density at
the left and at the right border of the quantum well i, D is
the diffusion coeKcient, and g, a, ~ the generation rate,
absorption coefficient, lifetime in the bulk [three dimen-
sional (3D)] and quantum wells [two dimensional (2D)],
respectively. The laser light is assumed to enter the sam-
ple atz =0.

To get boundary conditions for these equations we use

reflection R

emission

transmission T

3D

capture

n 3D
fl= 1

laser
2D

E
/4

5( . . O

FICx. 11. Schematic picture of the transport processes and
variables involved in our model.

The dynamics of electronic particles in a quantum well
is not only determined by the emission into the barrier
and the recombination in the well. A complete model
must also take into account the dynamics in the barrier,
i.e., the transport and the reflection, transmission, and
capture of particles approaching the quantum well. The
details of the model are given by the sample geometry
and experimental scenario. A continuous-wave excita-
tion at low energy reduces hot carrier effects compared to
short-pulse excitation. Small laser power densities lead to
carrier densities below the Mott density and thus to the
formation of excitons. In our case, an analysis of the
thermal behavior of the quantum-well luminescence also
tells us that excitons are the dominating electronic parti-
cles. Therefore we take a set of continuity equations for
the density of excitons in the bulk n and in the quan-
tum wells n; (where i is the number of the quantum
well) and Fick's law for the particle current density j,

Bn +B. 3D», n

Bt Bz
j=g e

a microscopic model' ' which has been successfully ap-
plied for the description of time-resolved experiments
studying the vertical transport in GaAs/Alo sGao 5As het-
erostructures. As mentioned before a particle approach-
ing a quantum well may either be reflected, transmitted,
or captured. This is illustrated schematically in Fig. 11.
The sum of these three probabilities has to be equal to
one, i.e., only two of them appear in the equations.
Multiplied with a thermal velocity u, h =+k~T/2mm *

( T equals the particle temperature; m equals the
effective mass) we get "interface velocities, " in our case
the transmission velocity s and the capture velocity s .
The emission probability is expressed as an inverse time
I/r;. "'. Thus we get

n2D

Ji —n i(s+s)n is
I

2D
r — 3Dir( t+ c)+ ' +n 3Di I St

The capture of a particle into the well and the emission
out of the well is considered a scattering process with an
optical phonon. For the exact formula of s and ~',."' we
refer ' to Appendix A.

To complete the boundary conditions, the interfaces to
the Alo 35Ga065As cladding layers or the surface of the
sample and the interface to the substrate, respectively,
are treated as quantum wells with s'=0. In the follow-
ing, we call these planes of the sample simply "inter-
faces." The capture and emission at these interfaces are
free eligible parameters. The whole set of equations is
analytically solved under steady-state conditions as de-
scribed in Appendix B.

By simulating the PL intensity at several temperatures,
the importance of the interface parameters occurs: in
Fig. 12 the calculations of the dynamics in a sample of
series C with three different interfaces is shown. The
strength of the reAection (or the capture, respectively) at
the interfaces does not only influence the particle distri-
bution in the quantum wells next to the
GaAs/AI~Ga, ~As interfaces (L,2=10 nm) but also in
the central one (L,&=3 nm) due to a strong coupling of
the wells via transport.

In case of a completely absorbing Al Ga& As barrier,
we see that by increasing temperature first the excitons
leave the narrow (and shallow) quantum well (L,&

=3 nm)
and at higher temperatures the wider (and deeper) wells
(L,2=10 nm) are emptied. In the other extreme case, a
completely reflecting barrier shows a rather different
behavior: at lower temperature it is similar to the first
case which means that all emitted excitons are mainly ab-
sorbed by the wide wells, but then the wide wells begin to
emit excitons and the density in the narrow well increases
again. This emission of the wide wells is not very
effective because the excitons are sent into the direction
of the Al Ga& As-barrier return and are reabsorbed. If
the barrier is a synthesis of these extreme cases it is obvi-
ous that the density in the wide wells can decrease and
that the reincrease of the density in the narrow well is not
so emphasized. Nevertheless, we can draw conclusions
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(a) and the L, &
=3 nm quantum well (b) is de-

picted in an Arrhenius plot.

about the character of the barrier out of the high-
temperature behavior of the quantum-well luminescence.

V. DISCUSSION

To demonstrate the excellent agreement between
theory and experiment, we now compare three charac-
teristic sets of measured data (see Sec. II) with the corre-
sponding theoretical results. All simulations are per-
formed using the measured time constants (as described
in Sec. III), the calculated capture and emission parame-
ters (Appendix A), and a calculated diffusion coefficient
obtained from Ref. 32 which is similar to a measured one
reported in Ref. 33. The absorption coefficient is taken
from the literature. The free eligible surface parameters
are used to fit the experiments.

In Fig. 13 the PL intensity of a sample of series B (in-
cluding one quantum well with L, =3 nm) is presented.
At lower temperatures the dynamics is determined by the
capture of particles into the quantum wells and the
recombination of these particles inside the wells, causing
a PL spectrum dominated by the quantum-well emission.
With increasing temperature the carrier density is in-
creasing proportional to the excitonic lifetime (see Ap-
pendix B) resulting in a light intensity of the quantum
well nearly independent of temperature. The slight de-
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FKJ. 13. Comparison between the experiment (symbols) and
the theory as described in the text (solid lines) in a sample of
series B. The temperature dependence of both, the quantum
well and the barrier emission can be fit very well by the theory.
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FIG. 14. Temperature dependence of the PL intensity of the
shallow (L, =3 nrn) and the deep (L, = 10 nm) quantum wells of
a sample of series C. The hydrodynamic model (solid lines) de-
scribes the experiment (symbols) quite good using a
GaAs/A1~GaI ~As interface neither completely absorbing nor
completely reflecting.

crease of the bulk intensity is caused by a larger diffusion
length due to an increasing diffusion coefficient and an in-
creasing exciton lifetime. Hence, more excitons in the
bulk reach the well and are absorbed. By further j.ncreas-
ing the temperature the emission from the well into the
barrier becomes relevant and leads to a decreasing PL in-
tensity of the well and a corresponding increase of the
bulk intensity. Above around 160 K, the barrier emission
even dominates the PL spectrum. At high temperatures
the total luminescence intensity is reduced by nonradia-
tive processes. From our model we conclude that the
capture and the subsequent recombination of the excitons
by states at the interface to the Al„Ga& As barrier is the
dominant nonradiative carrier-loss channel in a sample of
series B. This is confirmed by the analysis of the total PL
intensity of the sample, which starts to decrease at
around 100 K, the same temperature where the thermal
emission becomes important.

A sample of series C (L~ = 1200 nm, L„=3 nm,
L,2

= 10 nm) is the subject of Fig. 14. The low-
temperature behavior is dominated by the already dis-
cussed temperature-independent PL intensity. Due to a
smaller energy difference to the barrier the narrow well
(L„)is the first one which emits particles and loses inten-
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plot for a sample of series A. Experiment (symbols) and theory
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sity. This is coupled with a raise of the density in the
wide wells (L,2). If we compare the 3-nm wells in a sam-
ple of series C (Fig. 14) and in a sample of series 8 (Fig.
13), which both have similar material parameters, we
recognize that the starting point of the luminescence de-
crease depends on the structure (additional In, Ga, As
layers or not) in the neighborhood of the quantum well
under investigation (see also Fig. 6). The characteristic
behavior of the exciton dynamics is therefore not only a
question of the emission of particles but also of the possi-
bility of the subsequent capture of particles which are
rejected from barriers or emitted by other wells. At
higher temperatures, we see in Fig. 14 that the decrease
of the PL intensity of the wide well is coupled with a
reincrease of the narrow well intensity. The discussion of
Fig. 12 in Sec. IV tells us that the Al Ga, As barrier of
the present sample is neither completely reAecting nor
completely absorbing. The reduction of the total PL in-
tensity at higher temperatures due to these nonradiative
channels has already been discussed above.

The last figure (Fig. 15) shows the temperature evolu-
tion of the Pl intensity of a sample of series A. The
curves behave as expected. Depending on the well width
and thus on the well depth the quantum wells emit exci-
tons at lower or at higher temperatures. This is charac-
terized by an activation energy depending on the barrier
height. The permanent decrease of the intensity in the
high-temperature regime shows that the boundaries are
absorbing quite strongly what is expected from a free sur-
face and an interface to the substrate. The decrease of
the PL intensity is modified by the coupling between the
wells via transport in the barrier. At lower texnperatures
the behavior is rather strange. The PL intensities of the
different quantum wells deduced from the experiments
differ by about one order of magnitude. However, the
diffusion coefficient at these temperatures is so small that
each well should capture only the particles in its next
neighborhood. Thus, all wells are expected to have simi-
lar densities and luminescence intensities.

En our case, the problem was solved by assuming an ex-
citon temperature larger than the lattice temperature.
We take an exciton temperature T,„, which is the arith-

metic average of the lattice temperature T and a critical
temperature T, (for T, = 100 K, we obtain a good
description of the experimental data). This seems to be
realistic because due to small-particle densities and a
small coupling to acoustic phonons at these low tempera-
tures the particle cooling below the optical phonon limit
is slowed down. With a higher thermal energy the exci-
tons, captured by the narrow wells, may leave them
again. They are captured finally by the wide wells. Thus
we get the desired quotient of the intensities.

Another possible effect causing a discrepancy between
theory and experiment at low temperatures could be the
inAuence of nonlocal carrier capture due to coherence
effects. Such a behavior would be important especially at
low temperatures, where the coherence length is in-
creased causing a deviation from our hydrodynamic mod-
el.

We would like to discuss shortly the limits of validity
of our model at high temperatures or high excitation den-
sities, where the inhuence of electron-hole pairs becomes
more and more important. We do not expect a
significant change of the activation energy of the thermal
emission process in the case of predominantly electron-
hole pair recombination with respect to excitonic emis-
sion, at least in the density region, where band filling
effects can be neglected. This is because of the reason of
neutrality, only excitons or electron-hole pairs can leave
the quantum well (see the discussion in Sec. II). We have
checked this prediction by increasing the ratio between
the concentration of electron-hole pairs and excitons by
increasing the excitation density of the laser. For negligi-
ble band filling effects we have found an activation energy
independent of excitation density. On the other hand,
the difference between excitons and free electron-hole
pairs —concerning the density of states and the Frohlich
interaction with LO phonons as well as the diffusion
coefficient in the barrier —possibly modify the onset of
the thermal emission with respect to the predictions of
our excitonic hydrodynamic model. However, it would
be difficult to analyze these deviations quantitatively be-
cause of the additional nonradiative process occurring at
higher temperatures. For the experiments presented in
this paper the excitonic model describes the experimental
data very well, because in each case the thermal emission
process starts at temperatures, where the collapse of exci-
tons is the dominant recombination channel.

VI. SUMMARY

We have investigated experimentally and theoretically
the competition between the carrier capture and the
thermal emission in quantum-well heterostructures.
Different sets of sample structures are used to demon-
strate the importance of the complete sample geometry of
these processes. We have found a thermal-activated be-
havior of the temperature evolution of the PL intensity
with an activation energy corresponding to the exciton
confinement in the quantum well. The onset of the PL in-
tensity reduction is determined by the whole sample
structure (barrier geometry, additional layers, interface
quality). Time-resolved experiments are used to extract
the characteristic time constants, which are responsible
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for the exciton dynamics. While at lower temperatures
the radiative excitonic recombination dominates and the
measured lifetime is modified at increasing temperature
due to the thermal emission. A hydrodynamic model in-
cluding exciton transport in the barrier, capture, and
emission via LO-phonon scattering as well as nonradia-
tive recombination at the heterointerfaces was evaluated
to describe our experimental data quantitatively. Using
the experimental values for the time constants, we are
able to fit the temperature dependence of the PL intensity
for the samples investigated very well. The deviation
from the Arrhenius behavior due to the coupling of the
various quantum wells and interfaces via transport in the
barrier can be completely understood in the light of our
model.

We would like to emphasize that our results are of
great importance for the analysis of time-integrated and
time-resolved experiments at higher temperatures espe-
cially in shallow quantum wells (small well widths or low
barrier heights). For the development of semiconductor
heterostructure lasers which should operate at room tem-
perature, it is important to avoid the inhuence of thermal
emission, which could be an efficient carrier-loss mecha-
nisrn, by using an appropriate sample structure. For
analyzing dynamic properties of multi-quantum-well
lasers via the rate equation model the present theory is a

pronounced improvement with respect to the simple
three-level model used up to now, which is only a poor
description of the interaction between quantum wells and
the barrier.
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APPENDIX A

To get expressions for s and ~;'"' we have first to calcu-
late the eigenstates in the quantum well and above the
band edge of the barrier. Formally, a subband number is
introduced by mapping the calculated energies on the en-
ergies E=Eon of a quantum well with infinitely high
barriers [Eo=(km/L, ) /2m "], where the barrier band-
edge energy Vo separates energy regimes with di6'erent
density of states. Assuming a Boltzmann distribution
and using the transition probability for optical phonon
emission and absorption given by Ref. 31 we get

pe ~t.o Qn +n
sf = (nto+1) f '

dn
"

exp[ P(n ——n )]32@ Eo C Qn' n,'—
n

.m =m&
exP[P(Bn ) ](4["(/ P[(Bn ) +n, —n +Q] j @(&PBn )—)

n —m

+ exp[P(Bn ) ](@[')/ P[(Bn ) +n, n+Q] j
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n
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+ [[2m(m +n)+Q]2+4(m +n)'Ej ') . (A2)

2n(n+m )
—QBun, m=

2(n+m )
(A3)

We used the abbreviations p= Eo /k~ T, n ~ = Vo /Eo,
=&~r o/Eo, and

n„o their distribution function, c,„ the dielectric func-
tions, N the error function, n the number of states above
the band edge, m the number of states below, and m, the
formal number of the lowest subband.

1 1 1 1

e 4vreo e„( ao ) e„(0)
(A4) APPENDIX B

co~o is the frequency of the longitudinal-optical phonons,
Using the steady-state form of the equation system and

the boundary conditions we get as formal solution of the
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density in a quantum well

20
g2 e i '+(n3D~1+n3D~r)&c

2D

I /r'"'+ I /r.
(Bl)

n 3D
3D —a'Dz

g e z/+D~
I /r3D D( tz3D )2

—z/+De
2ie 7 (B2)

We recognize that n; is proportional to r,. for low tem-
peratures, when I/r, '"' is negligible. For the density in
parts of the bulk between the wells we make the ansatz

zH(z; t, z, ) .

The coeKcients A; are easily obtained by solving a ma-
trix equation.
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